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R.Castain@ and J.Descamps"t 

/3=2 9 6  
The proportional analysis  of l i g h t  elements i n  various a l loys ,  

cosmic magnetic spherules, and marine sediments by electron 

probe microanalysis i s  described, with s t r u c t u r a l  d e t a i l s  on 

t h e  microanalyzer used and photomicrographs of t h e  invest i -  

gated specimens. The re la t ive  accuracy of ana lys i s  with t h e  

described apparatus i s  1% at high concentrations of t h e  ele- 

ments, permitt ing a detect ion of contents as low as O.Oz;%. 

The accelerating p o t e n t i a l  is kept t o  t h e  minimum compatible 

with t h e  correct  exc i ta t ion  of t h e  cha rac t e r i s t i c  l i n e s  of 

t h e  elements, so as t o  keep t h e  diffuse pene t ra t ion  of ele- 

ments i n  depth within t h e  specimen t o  a minimum. 

atmospheric contamination, the  gas pressure was kept s l i g h t l y  

To prevent 

a h m  1 at%. Corrections t o  be made f o r  absorption and f o r  

'secondary fluorescence of X-rays within t h e  specimen are 

formulated. 

t y p i c a l  examples, including t h e  &Si phase i n  an Al-Mg-Si 

Application of t h e  method i s  checked on several 

a l loy  . 
SWARY 

The poin t  analysis by X-ray emission, i t s  basic  cha rac t e r i s t i c s ,  and i t s  

3s University of Par i s ,  member-at-large of t h e  ONERA. 

x-x- Research Engineer at  t h e  ONERA. 

*+st Numbers i n  t h e  margin ind ica te  pagination i n  t h e  o r i g i n a l  foreign text. 
t' 



NASA 'IT F-9811 

p o t e n t i a l i t i e s  were s tudied i n  previous publications (Bib1.1, 2). 

contain a de ta i led  descr ip t ion  of t h e  o r ig ina l  apparatus, designed and developed 

a t  t h e  ONERA (French National Aerospace Research and Development Administra- 

t i on ) .  

Those papers 

Subsequent s tud ies  yielded more detai led da t a  on t h e  physical l a w s  in- 

volved i n  the  method and t h e  experimental conditions of i t s  use (Bibl.3). 

Two analyzers of a previously designed type were constructed a t  t h e  ONERA; 

one was exhibited i n  June 1955 a t  t h e  French Physical Society and has been i n  

continuous service a t  t h e  I R S I D  s ince  October 1955. 

The second analyzer was kept a t  t h e  ONERA and, i n  addi t ion  t o  being used i n  

many rout ine  analyses, has a l s o  been fu r the r  improved. 

A brief resum6 of t h e  p r inc ip l e s  of a poin t  ana lys i s  by emission, will be 

followed by a descr ip t ion  of t h e  modifications made i n  t h e  method (extension t o  

l i g h t  elements) as well as on t h e  apparatus i tself .  

Several  examples will be  given f o r  demonstrating t h e  various f i e l d s  of ap- 
I 

p l i c a t i o n  of t h e  method. 

The application of X-ray spectrography t o  t h e  chemical ana lys i s  i s  r a t h e r  

o ld ,  s ince  it i s  more than a half  century t h a t  t h e  first work done by Moseley 

has pointed t h e  way. The bas ic  pr inc ip le  i s  quite simple: A complex specimen 

is excited by primary bombardment. 

whose spectrum includes mainly t h e  cha rac t e r i s t i c  l i n e s  of t he  various consti- 

t u e n t  elements. A spectrographic analysis of t h i s  emitted rad ia t ion  will thus  

d i r e c t l y  lead t o  a q u a l i t a t i v e  chemical ana lys i s  of t h e  bombarded specimen. 

extreme s impl ic i ty  of charac te r i s t ic  X-ray spectra ,  t h a t  comprise only a f e w  

T h i s  w i l l  cause it t o  emit an X-radiation 

The 

2 



I '  

l i n e s ,  eliminates all r i s k  of ambiguity. 

Two d i f f e r e n t  methods can be used f o r  exc i t ing  X-ray emission of t h e  speci- 

men: 

volves a fluorescence analysis ;  we were mainly in t e re s t ed  i n  a spectrographic 

ana lys i s  by d i r e c t  emission, where t h e  X-ray emission of t h e  specimen i s  ex- 

c i t ed  by e lec t ron  bombardment. 

The exc i t ing  agent can consis t  of a primary X-ray beam, which then in- 

Since i t s  very beginnings, X-ray spectrography by d i r e c t  emission has been 

This method has spec i f ica l ly  permitted t h e  discovery of new highly successful. 

elements: L e t  us mention only the  discovery of hafnium i n  1923 by Coster and 

Hevesy, t h a t  of masurium i n  1925 by Noddack, Take, and Berg, and many others .  

However, some d i f f i c u l t i e s  are encountered when attempting t o  convert this 

a n a l y t i c a l  method i n t o  a method of quant i ta t ive determination. 

procedure used t o  be as follows: 

i n  a mixture - generally i n  t h e  form of powder - was t o  be determined. F i r s t ,  

t h e  i n t e n s i t y  i s  determined a t  which the mixture, under well-defined e l ec t ron  

bombardment conditions, emits t h e  most important cha rac t e r i s t i c  l i n e  of  t h e  ele- 

ment A. After t h i s ,  increasing quantities of a cont ro l  elmLent B m e  Inkmrliuced 

i n t o  t h e  mixture, which element has  an atomic number c lose  t o  t h a t  of t h e  ele- 

ment A. 

l i n e s o f  t h e  elements A and B a t  t h e  same in t ens i ty .  

concentration of t h e  element A i s  equal t o  t h a t  of t h e  cont ro l  element B. 

h e d i a t e l y  obvious t h a t  this method of quant i ta t ive  analysis ,  i n  addi t ion  t o  

i t s  complexity, i s  qui te  inaccurate, s ince  it i s  ac tua l ly  founded on a compari- 

son of t h e  i n t e n s i t i e s  of two X-radiations of d i f f e r e n t  wavelengths. These two 

r ad ia t ions  are absorbed i n  d i f f e ren t  manners by t h e  specimen, by the  e 5 t  window 

of t h e  tube, and by t h e  air;  they are r e f l ec t ed  a t  a d i f f e r e n t  e f f icacy  f o r  t h e  

For t h i s ,  t h e  

Assume t h a t  t he  concentration of an element A 

This i s  continued u n t i l  t h e  mixture emits t h e  homologous cha rac t e r i s t i c  

It i s  then assumed t h a t  t h e  

It i s  
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monochromator c rys t a l ;  f i n a l l y ,  they are recorded a t  a d i f f e ren t  s e n s i t i v i t y  by 

t h e  receiving element of t h e  spectrograph. 

t h e  spectrograph thus  d i f f e r s  grea t ly  from the  r a t i o  of i n t e n s i t i e s  ac tua l ly  

emitted by the  specimen; t h i s  makes it necessary t o  introduce uncertain correc- 

t i ons  t h a t  bas ica l ly  depend on t h e  equipment used. I n  f a c t ,  it i s  p r a c t i c a l l y  

impossible t o  compare, i n  an absolute manner, t h e  i n t e n s i t i e s  of t he  two X-ray 

emissions unless these rad ia t ions  have the  same wavelengths. 

statement formed the  bas i s  f o r  development of t h e  poin t  ana lys i s  method (Bibl.1, 

2, 4 )  whose p r inc ip l e  w i l l  be  b r i e f l y  reviewed here. 

The r a t i o  of i n t e n s i t i e s  read from 

T h i s  p a r t i c u l a r  

An electron probe (extremely t h i n  e lec t ron  beam) i s  directed on a poin t  &2 

of the  surface of a so l id  specimen whose chemical composition i s  t o  be studied. 

The very small volume of mat ter  i r rad ia ted  by t h e  electrons,  of the  order  of one 

square micron, emits, under the  impact of this e lec t ron  bombardment, an X-radia- 

t i o n  t h a t  comprises t h e  charac te r i s t ic  l i n e s  of t h e  various elements present  a t  

t h e  point  of impact of t he  probe. A spectrographic ana lys i s  of t h i s  radiat ion,  

i n  a very simple manner, then permits obtaining t h e  respect ive concentrations of 

these various elements a t  the  analyzed point.  

For example, l e t  us assume t h a t  t h e  concentration of nickel  a t  a c e r t a i n  

poin t  of a given specimen i s  t o  be determined. 

with t h e  e lec t ron  probe; t h e  spectrcgrsph is aligned with the  l i n e  NiKw,, and 

t h e  recorded i n t e n s i t y  i s  noted i n  a rb i t ra ry  units. Then, without touching t h e  

adjustment of t h e  e lec t ron  bean o r  t h a t  of t h e  spectrograph, the  specimen under 

t h e  probe i s  replaced by a pure nickel block and the  new in t ens i ty  recorded by 

t h e  spectrograph i s  noted. 

l e n t  approximation of t h e  nickel concentration a t  t h e  analyzed point.  

T h i s  po in t  i s  brought t o  impact 

The r a t io  of t h e  two readings Will furn ish  an excel- 

This espec ia l ly  simple r e s u l t  can be derived d i r e c t l y  from Webster's l a w  
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(Bib1.1, 3 )  according t o  which t h e  progressive loss of energy of t h e  e lec t rons  

along t h e i r  pa th  i n  the  matter depends e s sen t i a l ly  on t h e  dens i ty  of t h e  ma- 

ter ia l  t raversed,  which i s  more o r  less independent of i t s  chemical composition. 

T h i s  l a w  has been experimentally ver i f ied i n  all analyses made at t h e  ONEXA on 

homogeneous specimens of known composition. 

l i e s  i n  t h e  absolute nature of t h e  measurements: 

ty  i s  being compared, have t h e  same wavelength, and a l l  d i f f i c u l t i e s  t h a t  might 

The main reason f o r  t h i s  s impl ic i ty  

The rad ia t ions ,  whose intensi-  

1: '' . .  

Fig.1 Overall  View of the  Microanalyzer 

o r i g i n a t e  f r o m  t h e  absorption of the r ad ia t ion  o r  f r o m  t h e  y i e l d  of t h e  spectro- 

graph are automatically eliminated, because of t h e  f a c t  t h a t  they en te r  t h e  two 

terms of t h e  r a t i o  t o  t h e  same extent. 

regarding f o r  t h e  time being t h e  absorption i n  t h e  specimen i t s e l f ,  t o  which we 

Will r e tu rn  l a t e r )  furnishes  an accurate r a t i o  of t h e  t o t a l  emissions, i n  t h e  

analyzed l i n e ,  of both specimen and pure element. 

The quotient of t h e  two readings (dis-  

This r a t i o  has an i n t r i n s i c  
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importance, independent of t h e  experimental equipment used. The absolute  char- 

a c t e r  of t h i s  ana ly t i ca l  method makes a l l  comparison with control  a l loys ,  of a 

composition similar t o  t h a t  of t he  specimens, unnecessary; such a comparison i s  

conventional i n  o p t i c a l  spectrography. Such an absolute character  i s  indis-  

pensable f o r  a p r a c t i c a l  u t i l i z a t i o n  of t h e  method, s ince it would be impos- 

s ib le  t o  obtain an e n t i r e  range of homogeneous test  a l loys  on a s m a l l  scale.  

To give a general  idea on t h e  performance of t h e  apparatus, l e t  us mention 

t h a t  t h e  r e l a t i v e  accuracy of t he  proportional analysis  i s  of t he  order  of 1% 

a t  high concentrations. 

concentration of t h e  order of 1%). 

cases, it i s  possible  t o  de tec t  contents of t h e  order of 0.02%. 

It becomes l e s s  good a t  low concentrations (5%, f o r  a 

A t  t h e  c r i t i c a l  limit and i n  favorable 

The resolving power (minimum diameter of t h e  region i n  which an accurate  

quant i ta t ive  ana lys i s  i s  possible)  i s  about a, where the  limit i s  given by the  

d i f fuse  penetrat ion of t he  electrons i n t o  the  matter. However, a qua l i t a t ive  

ana lys i s  i s  possible  f o r  much lower diameter heterogeneities,  a t  t h e  limit of 

resolut ion of ordinary l i g h t  microscopes. 

The experimental equipment described i n  an a r t i c l e  ir; t h e  Recherche A&o- 

nautique, N0.23 (1951) had t h e  basic funct ion of studying t h e  fundamental l a w s  

and t h e  p o t e n t i a l i t i e s  of the  method. It was soon found t h a t  t h e  d ive r s i ty  of 

t h e  problems t h a t  caii be studied by t h i s  method necessi ta ted the  construction 

of a more f l e x i b l e  microanalyzer of greater p o t e n t i a l i t y  and usefu l  f o r  non- 

special ized research . 
This apparatus, of which two prototypes were developed a t  t h e  ONERA (Fig.1) 

dl1 be  described below. 

1. Overall  S t ruc ture  of t h e  Analyzer (Fin.2) 

The apparatus comprises t h e  following fou r  pr inc ipa l  elements: 

6 



a )  an electron lens  system, which i s  t o  produce the  probe; 

b)  a metallographic microscope (aligned with t h e  analyzed poin t ) ;  

c )  a mechanical u n i t  permitt ing t h e  displacement of t h e  specimen and of 

the  pure-element controls  under vacuum; 

d)  a ba t t e ry  of spectrographs for  analyzing t h e  emitted X-radiation. 

The main drawback of t h e  o r ig ina l  apparatus was t h e  poor qua l i ty  of t h e  de- 

vice f o r  v i sua l  display of t h e  specimen. This consisted simply of an ordinary 

microscope objective,  i n  f r o n t  of which a mirror  was placed a t  an angle of 45' 

between t h e  object  and t h e  last  reducing lens.  The mirror was pierced with a 

hole f o r  allowing passage of t he  electron beam, and considerations of bulk 

l imi ted  the  aperture  r a t i o  of t h e  objective t o  about 0.2. It i s  quite obvious 

t h a t  t h e  qual i ty  of t h e  images furnished by t h e  viewing device i s  in su f f i c i en t  

under such conditions. 

t u r a l  d e t a i l s  of a given specimen w i t h  t h e  same ease as under a high-quality 

meta l lurg ica l  microscope. 

I n  f a c t ,  t h e  invest igator  must be ab le  t o  de tec t  s t ruc-  

Therefore, t he  viewing conditions had t o  be g rea t ly  improved. The solut ion 

used by us consisted i n  eliminating t h e  mirror and i n  d i r e c t l y  o b s e r ~ b g  t h e  

specimen by means of an object ive coinciding with t h e  a x i s  of the  electron beam. 

However, t h i s  so lu t ion  has not always been found p r a c t i c a l  s ince it involves a 

bas ic  modification of the  e n t i r e  apparatus, spec i f i ca l ly  a replacement of t h e  

e l e c t r o s t a t i c  lenses  of t he  o r ig ina l  analyzer by magnetic lenses  (Fig.3) . 

/& 

Production of t h e  Probe 

The probe i s  produced by an electron gun with tungsten filament and HF 

heating, followed by two magnetic lenses which give a reduced image of i t s  

c ro s so ver . 
7 
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The first l ens  has a f o c a l  length  which i s  var iab le  between 2 mm and inf in-  

i t y .  

permits t h e  formation of probes with diameters between 0.1 and 10 u.. 

This l ens  plays the  role of a condenser, and adjustment of i ts exc i ta t ion  

M o p e  t i c 
I Condenser 
I 

t l tCTlONI  

Obj cct i 1 luninotion 
D 

and vrewinb 

- bfognetic 
obi  ect ive 

- 111 n 

Mirror obj ecti be A L .pp e ci  m e n  

Fig.2 Schematic Pr inc ipa l  Diagram 

The second reducing l e n s  produces an accurate convergence of t h e  e lec t ron  

beam a t  t h e  surface of t h e  specimen ( f o c a l  length: about 9 mm; formation poin t  

of t h e  probe, 6 mm below t h e  lower face of t h e  pole  pieces).  

An e l e c t r o s t a t i c  device permits a correct ion of t h e  res idua l  astigmatism of 

t h i s  l ens  as w e l l  as minor lateral displacements of t h e  probe, so as t o  com- 

pensa te  t h e  s l i g h t  deviations occasionally produced i n  an  analysis  of magnetic 

specimens. 

We have found t h a t  t h e  introduction of a highly magnetic specimen i n t o  t h e  

apparatus may lead  t o  displacements of t he  probe as g rea t  as 10 u. Such dis- 

8 
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. 
placements would not in te r , s re  i t were merely a question of marking t h e  an- 

alyzed point ;  observation of t h e  r*contamination" spot forming on t h e  specimen 

after bombardment of a f e w  minutes, ac tua l ly  permits a s t r i c t  l oca l i za t ion  of 

t h e  impact po in t  of t h e  probe. 

t o  magnetism of t h e  specimen, might lead t o  a minor d i s t o r t i o n  of t h e  spectro- 

However, a displacement of t h e  impact po in t ,  due 

graph, which i n  tu rn  would lead  t o  an e r ro r  of measurement. 

Fig.3 Schematic Sketch of t h e  Objective Lens 
1 - .bK,. i - u L L 0 i . s ;  -11) 2 - Smis i lve red  section; 3 - Winding; 4 - Mirror object ive;  
5 - X-ray spectrograph i n  air, i n  primary vacuum, o r  i n  secondary vacwm; 
6 - Casing; 7 - Ekit Window, adjustable  during operation; 8 - Object; 
9 - Pole pieces;  10 - ELectrostatic astigmatism corrector ;  11 - Electro- 

s t a t i c  shielding; 1 2  - Body 

Therefore, i t  i s  of importance, before taking any i n t e n s i t y  reading, t o  

have t h e  -act po in t  of t h e  probe coincide with t h e  crosshair  and, i f  neces- 

sary, t o  obtain such coincidence by manipulating t h e  astigmatism corrector .  

An aperture  diaphragm, f i x i n g  the aber ra t ions  of t h e  objec t ive  l e n s  t o  a 

9 



s u i t a b l e  value, permits a compromise between the  two contradictory requirements, 

namely, obtaining a minimum diameter for  t h e  probe and a maximum i n t e n s i t y  f o r  

t h e  e lec t ron  current  car r ied  by t h i s  probe. 

It i s  a l s o  of considerable importance t o  s e l e c t  t h e  lowest poss ib le  value 

f o r  t h e  acce lera t ing  poten t ia l ,  compatible with a cor rec t  exc i t a t ion  of t h e  

cha rac t e r i s t i c  l i n e s  of t h e  analyzed elements. 

of e lec t rons  i n t o  a given element increases with t h e i r  energy, and a high re- 

solving power requires  t h a t  t h i s  penetration be kept t o  a m i n ~ u m .  

I n  f a c t ,  t h e  d i f f u s e  pene t ra t ion  

The high p o t e n t i a l  obtained by comutating a HF voltage (75 kc),  can be /& 
f ixed  t o  seven values, staggered from10 t o  35 kv and adjusted t o  within a few 

hundred thousandths. 

Cbndenser R e e l  ator 

* 

06j  ec t iuc  

Sp ecirnen 

Fig. L+ 

The feed of t h e  two magnetic lenses i s  in tens i ty-s tab i l ized  by an  e lec t ron  

process, using a b a t t e r y  of ce l l s .  A possible va r i a t ion  i n  t h e  res i s tance  of 

t h e  windings during heating of t h e  lens  thus has  no e f f e c t  on t h e  magnetizing 

current .  

l eng th  of t h e  lenses. 

This i s  a p re requ i s i t e  for  preventing any devia t ion  i n  t h e  foca l  

10 



Ad.iustment of t he  e lec t ron  beam. Some d i f f i cu l ty  may be created by t h e  

f a c t  t h a t  t h e  e lec t ron  current transported by t h e  probe somewhat va r i e s  during 

protracted experiments. 

This e lec t ron  current has recently been made independent of poss ib le  varia- 

t i ons  i n  t o t a l  emission of t he  gun, by introduct ion of a control  device. 

regulator  i s  schematically shown i n  Fig.4. 

second reducing l ens  i s  preceded by a coaxial  diaphragm D1 with a k times 

g rea t e r  diameter. 

plane of t he  diaphragm D1 i s  uniform near the  center)  t h a t  t h e  diaphragm Do thus 

receives  an e lec t ron  current I correlated with the  current i, transported by the  

probe, by the  very simple relat ion:  

This 

The aperture  diaphragm of t h e  

It i s  immediately obvious ( s ince  t h e  e lec t ron  densi ty  i n  the  

I = (k” - 1 ) i .  

Thus, main emphasis must be placed on ensuring constancy of t h e  current  I. 

This i s  obtained by grounding t h e  diaphragm 

p o t e n t i a l  of this diaphragm (several volts below t h e  ground) i s  used f o r  obtain- 

i ng  exc i ta t ion  of t he  condenser. 

across a high resis tance:  The 

The regulat ion i s  su f f i c i en t ly  e f f i c i en t  t o  ensure t h a t  a va r i a t ion  i n  

t o t a l  emission of t h e  gun from single  t o  double Wiii riot e n t z s h  a tc~riat5nn 

grea te r  than 1% of the  e lec t ron  output of  t he  probe. 

b)  Viewing Microscope 

The object ive of t h e  metallurgical microscope, during t h e  experiment, must 

penni t  an observation of t h e  specimen and a loca l i za t ion  of t h e  impact point  of 

t h e  probe on i t s  surface. 

I n  addition, t h e  object ive must meet t h e  following requirements: 

a )  l a rge  image distance,  while maintaining suitable magnification and 

adequate r e l a t i v e  aperture; 

11 



b)  p i e rceab i l i t y  along i t s  ax is ,  t o  permit passage of t h e  electron 

beam; 

c )  absence of nonconducting surfaces t h a t  might acquire e l e c t r o s t a t i c  

charges; 

d)  absence of o p t i c a l  surfaces wi th  respect t o  the  probe, a t  short  

length. 

ac t ion  of the  d i f fuse  electrons. 

These surfaces would rapidly become "contaminated" under t h e  

Use of a mirror object ive o f f e r s  a simple so lu t ion  of this problem. 

The object ive used here i s  of the type developed by Nomarski, who was i n  

charge of mounting and adjust ing t h e  objective a t  t h e  Optical  I n s t i t u t e .  

object ive consis ts  of two concentric spherical  mirrors. 

a r e  as follows: foca l  length, 12  mm; image distance,  17 m; numerical aperture,  

0.u; resolving power, - 0.7 v. 

This 

Its cha rac t e r i s t i c s  

The i l luminat ion of t h e  specimen was based on the  p r inc ip l e  developed by 

K6hler. 

A spec ia l  wide-field ocular  (formula by C.Zeiss) was provided with a reti- 

cle ,  in te r rupted  near t he  center, and w i t h  a f i l a r  micrometer. idioss i ? , d i d d u z l  

d iv is ions  correspond t o  2 microns on the specimen. 

microscope i s  400 x. 

The magnification of t h e  

c) Displacement of t he  Ob.iect and Controls 

The object  c a r r i e r  and 42 samples consis t ing of pure elements o r  wanted 

combinations a r e  placed on a r i g i d  cartridge, which s l i d e s  out f r o m  the  vacuum 

enclosure of t he  apparatus ( 2  x loe5 mm Hg) through two f l ex ib l e  vacuumtight 

membranes. 

A u n i t  of ex te r io r  sl ide bars permits a displacement i n  height (focusing of 

12 



t h e  viewing microscope) and movements i n  two rectangular d i r ec t ions  i n  t h e  foca l  

plane. These motions are controlled by graduated knurled drums. 

With t h i s  arrangement, it i s  possible t o  successively place t h e  point se- 

lec ted  f o r  analysis,  and la te r  t h e  pure cont ro l  element, at  t h e  impact point of 

t he  electron beam. I n  addition, t h e  arrangement also permits - before s t a r t i ng  

t h e  analysis  - placing a s m a l l  fluorescent screen underneath t h e  beam, carrying 

a polished copper block on which t h e  contamination spots appear. 

a f i n e  adjustment of t h e  foca l  length of t h e  magnetic object ive and exact coin- 

cidence of t h e  impact point of t he  probe with t h e  object. 

This permits 

d)  Spectrographs 

For an analysis  of t h e  X-ray emission f r o m  the  object,  two spectrographs 

with cambered c r y s t a l  and counter are used. 

t h e  same focusing c i r c l e  of 25 cm radius. 

give t h e  counter a ro t a t iona l  speed twice t h a t  of t h e  c rys ta l .  

t h e  rad ia t ions  re f lec ted  by t h e  crystal ,  no matter what t h e  selected angular 

pos i t i on  and thus no matter what t h e  re f lec ted  wavelength might be, c a  be sc- 

cura te ly  focused on the  center  of the entrance window of t h e  counter. A d i a l ,  

graduated i n  degrees and minutes, pennits a constant reading of t he  angle of in- 

cidence of t h e  X-ray beam on t h e  crystal and thus a l so  of t h e  re f lec ted  wave- 

length. 

nute. 

spectrograph i n  advance with one o r  the  o ther  of t h e  two components of a doublet 

Kry l  - Kcr2 . 
t o  t h e  nature  of t h e  recorded line. 

Both c r y s t a l  and counter ro t a t e  on 

A gear t r a i n  makes it possible t o  

I n  this manner, 

The reproducibi l i ty  of t h i s  angle of incidence is better than one d- 

For example, it i s  possible,  with t h e  electron beam cut,  t o  a l ign  the  

It is  obvious tha t ,  under such conditions, no ambiguity exists as & 

The right-hand spectrograph (Fig. 5) i s  designed f o r  detect ing radiat ions of 



medium mvelengt,,, comprised within the band 0.6 A - .5 i. Thus, by t h e i r  K 

l i nes ,  this spectrograph permits an analysis of a l l  elements located i n  t h e  

per iodic  t a b l e  between chlor ine and molybdenum and, by t h e i r  L l i nes ,  of a l l  

elements heavier than molybdenum. 

sealed with a mica Window. 

3/10 mm thickness, cu t  on t h e  Johannson system. 

The counter used i s  a Geiger-f i ler  counter 

The c rys t a l  o f  t h e  spectrograph is  a quartz f o i l  of 

Fig.5 Photograph of t h e  Right-Hand Spectrograph, Open 

The left-hand spectrograph (Fig.6) deserves a more de ta i led  description. 

This spectrograph i s  designed f o r  detecting very s o f t  radiat ions,  of a wave- 

Fig.6 Photograph of the Left-Hand Spectrograph, @en 

l eng th  between 4 

0.50 cm radius. 

gas f i l l i n g  (Fig.7). 

and 10 1. The r e f l ec to r  cons is t s  of a curved mica f o i l  of 

The receiving element cons is t s  of a proportional counter with 

The window of t h i s  counter i s  a mylar f o i l  of 6~t thickness 



whose absorption i s  only about 40% f o r  a rad ia t ion  as s o f t  as S i k l  (7.11 A).  

A beryllium f o i l  of t h e  same absorption would have t o  have a thickness of 20 p. 

Under these conditions, it would be prac t ica l ly  impossible t o  make t h i s  window 

vacuumtight. 

a sealed counter impossible. 

The mylar i tself  i s  s l igh t ly  permeable t o  water vapor, which makes 

Consequently, t he  counter i s  made detachable and 

- Wrection o j  c irculat ion 01 the mixture  

[90% A + 10% CH, ] 

To preaiapl i f icr I 

Fig.? Schematic Diagram of  t h e  Proportional Counter 
Symbols: 1 - Araldite;  2 - Window (mylar 6 LL); 3 - Tungsten 

wire (20 p);  4 - Spring for  wire tension; 5 - Araldite 

i s  t raversed by- ii gas c z r r e r ~ t . ~  

argon + 10% methane) i s  about 10 cm3/min. 

makes i t  possible  t o  avoid a dead spot which always i s  encountered i n  counters 

The ra te  of  flow of t h e  gaseous mixture (90% 

The lateral  arrangement of t he  window 

with end windows. 

wavelengths thus i s  due exclusively to  t h e  absorption of t h e  window mFch i s  

neg l ig ib l e  up t o  10 A. 

vacuum before introducing t h e  gas. 

would otherwise be necessarg t o  completely remove t h e  a i r  f r o m  in s ide  the  coun- 

The drop i n  sens i t i v i ty  of t h e  counter from the  s ide  of long 

A valve system (Fig.8) permits placing t h e  counter under 

This prevents t he  long evacuation which 

ter, and makes the  device ready f o r  operation within less than 5 min. 

s tancy of gas output i s  ensured by a capi l lary.  

The con- 



h 

The operating pressure of t h e  gas is s l i g h t l y  above 1 a t m ,  which prevents 

aw contamination by atmospheric air; t h e  small diameter (20 LL) of t h e  center 

tungsten wire permits a reduction i n  t h e  operating voltage t o  1500 V. A pre- 

amplifier, placed i n t o  t h e  vacuum of the spectrograph, follows t h e  counter i n  

Fig.8 Schematic Diagram of t h e  Spectrographs and Gas 
F i l l i n g  of t h e  Proportional Counter 

Symbols: 1 - Pressure reduction valve; 2 - Compressed gas  
(90% A + 10% CH4); 3 - Linear amplif ier ;  4. - Amplitude 

se l ec to r ;  5 - Pulse counter + i n t eg ra to r ;  6 - High-voltage 
feed of  tke comte r s ;  7 - Output meter; 8 - Preamplifier; 

9 - Pressure gage f o r  the counter; 10 - Proportional 
counter; 11 - Mica; 12 - Probe; 13 - Quartz; l-4 - Geiger- 

Maler counter 

a l l  i t s  displacements. The pulses  are fed t o  a l i n e a r  amplif ier ,  provided with 

an amplitude se lec tor ,  which permits a considerable improvement i n  cont ras t  of 

t h e  l i n e  aga ins t  t h e  continuous background. 

To g ive  a general  idea,  l e t  us mention t h a t  t h e  SiKol, l i n e  emittedb;;% A 
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pure s i l i con ,  f o r  an electron bombardment with an accelerat ing po ten t i a l  of 

1 5  kv and an in t ens i ty  of 0.1 uamp (probe of 1 micron), presents  an i n t e n s i t y  of 

about 1000 discharges/sec, which i s  en t i re ly  s u f f i c i e n t  f o r  a rapid and accurate  

measurement. 

f o r  recording such s o f t  radiations.  

t h e  spectrograph would reduce the  in tens i ty  of t h e  SiKa, l i ne ,  by absorption, 

a t  a r a t i o  of ld3! 

and the  counter, a secondary vacuum i s  produced i n  the  spectrograph and t h e  

beryllium exit window i s  eliminated. 

ness, in te rsec t ing  t h e  beam, is suf f ic ien t  t o  reduce the  in t ens i ty  of t h e  NgKq 

rad ia t ion  by a f ac to r  of &O. 

Naturally, it i s  necessary t o  place t h e  spectrograph under vacuum 

Any penetrat ion of atmospheric a i r  i n t o  

To avoid t h e  use of  an absorbing screen between t h e  source 

Such a beryllium window of 8/100 mm thick- 

I n  this manner, after having selected a region t o  be analyzed of 1 micron 

diameter on a given specimen, t he  electron probe can be accurately focused on 

this region, and the  in t ens i ty  of t he  various cha rac t e r i s t i c  X-rays, emitted f o r  

a s m a l l  volume of 2 p diameter around t h e  invest igated point,  can be measured 

with high accuracy. 

The analysis  proceeds as follows: 

One starts with a qua l i ta t ive  analysis, which i s  readi ly  obtained by having 

t h e  spectrographs sweep t h e i r  en t i r e  wavelength domain. 

present  i n  tne analyzed -vlcl~me, w i l l  show i n  a high re f lec ted  in t ens i ty  f o r  t h e  

wavelengths of t h e i r  charac te r i s t ic  l ines .  

The various elements, 

This i s  followed by a quantitative analysis.  For t h i s  purpose, after ad- 

j u s t ing  t h e  spectrograph t o  an intense l i n e  of one of t h e  elements present,  t h e  

r e f l ec t ed  in t ens i ty  i s  noted as the  number of pulses  p e r  second i n  t h e  counter. 

If necessary, t he  resultant f igure is  corrected t o  take the  "dead time" of t h e  

counter i n t o  consideration and t o  allow f o r  t h e  continuous background (eigen- 



motion of the  counter and continuous X-ray spectrum). 

probe, t he  specimen i s  replaced by a control block consis t ing of the  pure ele- 

ment. 

concentration of t he  element i n  question a t  the  analyzed point.  The measure- 

ment i t s e l f  i s  g rea t ly  f a c i l i t a t e d  by the permanent presence of a s e t  of con- 

t r o l s  i n  the  analyzer, consis t ing of  the p r inc ipa l  elements i n  t h e i r  pure state. 

A t  t he  focus of t he  

The r a t i o  of the  two measurements, i n  f i r s t  approximation, w i l l  y i e ld  t h e  

This permits a proportional analysis, e i t h e r  from t h e i r  K l i n e s  o r  from 

t h e i r  L l i nes ,  of a l l  elements having an atomic number above o r  equal t o  12  

(magnesium), contained i n  t h e  specimen. 

reason i n  the  geometry of t he  spectrograph used and i n  t h e  r e f l ec t ing  c rys t a l ,  

i.e., t he  mica. 

render the  analysis  of very l i g h t  elements highly unre l iab le  due t o  the  absorp- 

t i o n  of X-rays i n  t h e  specimen i tself ,  a point we w i l l  d iscuss  i n  more d e t a i l  

below. 

The r e s t r i c t i o n  t o  magnesium has its 

It would a l so  be possible t o  eliminate t h i s ,  but t h i s  would 

e)  Miscellaneous Corrections 

We mentioned above t h a t  t h e  concentration of a given slment in a complex 

anticathode i s  more o r  l e s s  equal t o  the  r a t i o  of i n t e n s i t i e s  emitted ( i n  t h e  

cha rac t e r i s t i c  l i n e  of this element) by the anticathode and by a control  block 

of t h e  pure element. T h i s  holds tme, however, only i f  the  ac tua l ly  emitted in- 

t e n s i t i e s  a r e  considered, i.e., corrected f o r  t h e i r  absorption i n  the  ant i -  

cathode i tself ,  no matter whether the specimen o r  t he  control  block a r e  in- 

volved. 

i n t e n s i t i e s ,  known as a correct ion for  absorption, so as t o  obtain the  t r u e  emis- 

s ions  of which the  r a t i o  can then be formed. 

consequently, it would be useful t o  apply a correction t o  the measured 

Let I be t h e  in t ens i ty  recorded by t h e  spectrograph i n  a cer ta in  character- 
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i s t i c  l i n e  of wavelength A ;  l e t  8 be the exit angle of the  analyzed beam, and 

w/p t he  mass absorption coef f ic ien t  f o r  this l i n e  of the  analyzed region of t he  

specimen . 

Fig.9 Correction Curves f o r  Absorption, f o r  V = 9.7 kv; 
- 15.1 kv; 27.5 kv - 

a - V 9.7 kv - 2 = 13; b - V-15.l kv - 2 = 13; 
c - V 27.5; kv - Z = 26 

Iet be the  i n t e n s i t y  ac tua l ly  emitted a t  the i n t e r i o r  of t he  specimen, 

i.e., t h e  i n t e n s i t y  which would be recorded by t he  spectrograph i f  no X-ray ab- 

sorpt ion were present.  
I I 
I O  &I 

The form of  t he  function f depends mainly on t h e  accelerat ing 

The r a t i o  - can be expressed i n  the  form of - = f(x), where x = 

= p/p cosec 0 .  

potent ia l .  

Figure 9 gives three  correction curves f o r  absorption, w-hici.1 correspnc! t.0 

t h e  acce lera t ing  po ten t i a l s  9.7 - 15 .1  - 27.5 kv. On t h e  abscissa,  the  argu- 

ment x = w/o cosec 0 i s  l a i d  of f ,  while the  ordinate  gives the  logarithm of the  

r a t i o  -. I 
IO 

I n  pr inciple ,  a determination of these correct ion curves requires  a com- 

p l e t e  and de ta i led  study of the  d is t r ibu t ion  i n  depth of t h e  cha rac t e r i s t i c  emis- 



s ion  of t he  various anticathodes, f o r  an accelerat ing po ten t i a l  given by the  ex- 

c i t i n g  beam; no quant i ta t ive experimental da ta  are i n  existence on this dis- 

t r ibut ion.  

l i shed  i n  the  Journal de Physique (Bibl.3). 

The obtained experimental r e su l t s  were reported i n  an a r t i c l e  pub- 

However, one can r a the r  rapidly obtain a correct ion curve, without going 

over the  intermediary of t he  d is t r ibu t ion  i n  depth of t he  X-rays. The pro- 

cedure cons is t s  i n  measuring t h e  var ia t ion i n  emitted in tens i ty ,  as a funct ion 

of the  e x i t  angle 8 of the  rad ia t ion  (Bib1.1). 

can be d i r ec t ly  read from t h e  curve. 

t e n t i a l ,  i s  va l id  f o r  all wavelengths and a l l  r e f l e c t i o n  angles. 

very l i t t l e  on the  nature of the  anticathode, and one s ing le  curve can be ap- 

p l i ed  f o r  a l l  specimens, so long as l i nes  of r e l a t i v e l y  shor t  wavelength are 

used, t o  keep t h e  correction small. To give a general  idea, l e t  us mention 

tha t ,  f o r  t h e  cha rac t e r i s t i c  l i n e s  of elements heavier than titanium, the  ab- 

sorpt ion correction generally does not exceed 10%. 

f o r  l i g h t  elements, where the  correction may reach 50% and thus must be de- 

termined with extreme care. 

The correct ion t o  be applied 

This curve, f o r  a given accelerat ing po- 

It depends 

This i s  no longer the  case 

It i s  then no longer possible  t o  assume t h a t  t h e  form of the  function f is 

independent of t he  type of specimen; thus, f o r  an accurate determination of t he  

correct ion f o r  absorption, the  %em atomic numberf* 'z of t h e  absorbing medium 

must be taken i n t o  consideration. 

number of t h e  anticathode, used i n  t h e  determination, on t h e  three curves a, b, 

c of Fig.9. An impression of t he  influence of t he  mean atomic number on t h e  

s lope of t he  correct ion curve f o r  absorption can be obtained by re fer r ing  t o  

Fig.10 which, f o r  various anticathodes and equal accelerat ing poten t ia l ,  gives 

t h e  curves f o r  t h e  absorption correction, obtained from an experimental determi- 

For  t h i s  reason, we indicated t h e  mean atomic 
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nat ion of t he  d is t r ibu t ion  i n  depth of  t h e  cha rac t e r i s t i c  X-radiation. 

A br i e f  examination of t h e  curves i n  Fig.9 ind ica tes  t h a t ,  i n  t he  case of 
I 

l i g h t  elements i n  which values of X of 5 - 6000 are quite common, it i s  p r e f e p  

I able  t o  use a low accelerat ing potent ia l  f o r  t h e  e lec t ron  beam, i.e., 1 5  kv o r  

even 10 kv. 

men w i l l  then be much less and t he  absorption of t h e  X-ray beam W i l l  be greatly 

It i s  obvious t h a t  the  penetration of  t h e  electrons i n t o  t h e  speci- 

I I I 
0 1000 2000 3000 m 

I I 
I I '  

Fig.10 Correction Curves f o r  Absorption, a t  V = 27.5 kv 
Experimental Points, absorbents: Al - Cu - AU 

reduced. Tnis s t i l l  dzes mt. do away with the  f a c t  t h a t  the  absorption within 

t h e  specimen i s  the  main reason for the inaccuracy i n  analyzing l i g h t  elements. 

T h i s  absorption may reach 50% i n  adverse cases and, which i s  even much more 

ser ious,  depends g rea t ly  on the  angle of exit of t h e  beam. However, t h i s  exit 

angle which i s  about 18" i n  our apparatus and would be accurately know1 If t h e  

specimen were rigorously plane, can be loca l ly  modified by an amount of t h e  

order  of  one degree. 

c i p i t a t e  which always shows as a s l igh t  elevation o r  a minor depression af ter  

This is t h e  case, f o r  example, i n  t h e  analysis  of a pre- 

mechanical polishing. 

t o  make use of e l e c t r o l y t i c  polishing, spec i f i ca l ly  f o r  a l loys  consis t ing of 

It therefore  i s  suggested t o  apply carefu l  pol ishing and 

l i g h t  elements, where the  l a t t e r  process i s  highly a t t r a c t i v e  f o r  convenience 



reasons. 

Finally,  a second correct ion i s  necessaqy because of t h e  f a c t  t h a t  t h e  

cha rac t e r i s t i c  rad ia t ion  emitted by the specimen i s  p a r t l y  due t o  secondary fluo- 

rescence phenomenon. In addi t ion t o  the primary radiat ion,  produced by d i r e c t  

exc i t a t ion  of t he  atoms of t he  specimen by the  electron beam, a fluorescence 

r ad ia t ion  i s  created by atoms excited by t h e  p r i m a q  X-radiation ( cha rac t e r i s t i c  

l i n e s  and continuous spectrum). 

3)  t h a t  permit an almost complete elimination of this e r r o r  source. 

Correctiori f c z x h s  :ere establ ished (Bibl.1, 

2. m i c a 1  Applications 

The point  ana lys i s  method by X-ray emission has been successful ly  applied 

Naturally, metallurgy i s  the  most im- t o  specimens of widely d i f f e r ing  types. 

po r t an t  f i e l d  of appl icat ion;  however, t h e  ana lys i s  can a l s o  be extended t o  in- 

clude insu la t ing  materials t h a t  merely need be given a t h i n  meta l l ic  coating by 

vacuum deposition, so as t o  make them surface-conducting. 

as i n  biology, this opens a prac t ica l ly  unexplored f i e l d  of application. 

I n  mineralogy as w e l l  

The 
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use of this method w i l l  be b r i e f l y  described on hand of some typ ica l  analyses 

made with the  ONERA apparatus. 

The Al-Ym a l loy  with 1.25% of manganese, rough-cast and rapidly quenched, 

exhibi ts  a c e l l u l a r  s t ruc tu re  (F ig . l l )*  

i s h  Aluminum Company), we investigated t h e  d i s t r ibu t ion  of manganese i n  this 

pa r t i cu la r  alloy. 

On t h e  request of Mrs.M.K.B.Day (Brit-  

We were able t o  prove a s ignif icant  difference between t h e  manganese con- 

t e n t  a t  t he  centers  of t he  various ce l l s  (1.12% lln f 0.02%) and t h e  content 

along t h e  edges (1.27% lh f 0.03%) . 
A similar segregation was recorded f o r  an a l loy  with 1.08% Pln average con- 

tent .  

2) Al-Cu-Fe Alloy 

The ternary system Al-Cu-Fe i s  l i t t l e  known a t  present;  t he  ternary phase 

' i k ~ l e u s  f c , ~ d . z s  w s e  proposed by dif-  has a poorly defined existence domain, 

f e r en t  authors: 

mann and Schrader; AllzCu4Fe by Wiehr; Al,Cu2Fe by Phragmen (Bibl.5); Yamaguchi 

acd Xakmurz were able t o  ident iyy two phases: &CuzFe ( 4 )  and Al7C-Fe ( w ) .  

A 

The main ones t o  be c i ted  are t h e  formulas of A&C*Fe by Hane- 

A rapid analysis  made it possible t o  eliminate the  formula AllaCu4Fe. 

more ref ined quant i ta t ive analysis  was necessary f o r  se lec t ing  between the  for- 

mulas &CuzFe (36.9% Cu, 16.15% Fe, 4.6.95% All and Al7CuzFe (34.16% Cu, &.%% 

Fe, 50.88% A l ) .  

In  t h e  invest igated specimen 

Fig.12, we found 3 4 . s  copper and 

(prepared by R.Graf of t h e  ONERA) shown i n  

&.2% i r o n  on t h e  average, with a sca t te r ing  
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of &3%. 

The analysis ,  made first f o r  t h e  elements copper and i ron,  made it seem 

l o g i c a l  t o  adopt t he  formula AlYCuge. 

yielded no addi t iona l  data. 

t h a t  of i r o n  and copper, because of the extensive correct ion f o r  absorption t o  

be made. 

l i shed  f o r  'z = 13) does not permit an accurate ca lcu la t ion  of t he  correct ion f o r  

absorption. 

The proport ional  analysis  of aluminum 

I n  addi t ion,  this method is  much less accurate than 

I n  t h e  present case, i n  which 2 = 26, our absorption curve (estab- /& 
I 
I 

! 

b ' .  
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Fig.12 Al- Cu - Fe; 500 Y 

3 )  Cosmic Mametic Spherules 

On the request of Pmf .K,Fredriksson (Mineralogiska I n s t i t u t e t ,  Stockholm), 

we analyzed magnetic spherules of  50 - 60 FL diameter, obtained f r o m  deep marine 

sediments ( red clay of t h e  Pac i f ic  and manganesiferous c rus t ) ,  using our ap- 

paratus .  

W e  encountered two types of  par t ic les :  The one type had a nucleus of a 

m e t a l l i c  appearance (30 u diameter) surrounded by oxides, while t h e  o ther  was 

t o t a l l y  composed of oxides. 



I n  t h e  f irst  type, a quant i ta t ive  analysis  indicated t h a t  t h e  const i tuent  

elements of t h e  nucleus were i r o n  (68%) and n icke l  (30%), with a minor content 

of cobalt  (1.5%). I n  t h e  layers surrounding t h e  nucleus, t h e  i r o n  was present  

a t  a high concentration (61 - YO%), while t h e  nickel  and cobal t  concentrations 

were only of t h e  order  of 0.1 - 0.2%. 

The outer  l aye r  of these  p a r t i c l e s  cons is t s  of magnetite, which most l i k e l y  

I n  t h e  second was formed a t  t h e  expense of t h e  nucleus, i n  t he  marine sediment. 

type of pa r t i c l e s ,  t h e  nickel  content decreases from the  center  (20 - 24%) t o  

t he  edge (< 0.5%), while the  i r o n  content increases  f r o m  4.0 - 57% a t  t h e  center  

t o  more than 70% along t h e  edges. The boundary i s  formed of magnetite F%04, 

mixed more o r  less int imately with FeO; t h e  center,  a t  least f o r  one of these  

p a r t i c l e s ,  seems t o  correspond t o  t h e  formula NiFeOB ("trevorite"). 

The oceanographic in t e rp re t a t ion  and a detai led discussion of t h i s  ana lys i s  

W i l l  be published la ter  by R.Castaing and K.Fredriksson (Bibl.6). 

4) Marine Sediments 

Another specimen had i t s  o r ig in  i n  t h e  deep-sea sedheiits cf t h e  Paci f ic  

and was sent  t o  us by Prof.G.Arrhenius (Scripps I n s t i t u t e  of Oceanography, 

LaJolla,  Calif. ) . 
This specimen, In t h e  form of powder, contained s i l i c i o u s  skeletons of dia- 

toms and rad io la r ia ,  p h i l l i p s i t e  microcrystals, and yellow aggregates of a 

roundish form ( 5  - 15 p) containing inclusions of  a c r y s t a l l i n e  appearance. An 

analysis of a l a rge  number of i so la ted  p a r t i c l e s  indicated t h a t  t he  barium con- 

t e n t  i n  t h e  diatoms and r ad io l a r i a  was low (0  - $), while t h a t  i n  t h e  phil-  

l i p s i t e  c r y s t a l s  was d i s t i n c t l y  higher (3 - 15%). I n  t h e  aggregates, we en- 

countered a grea t ly  var iab le  concentration, but always with high maxima(2 - &?%). 
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Apparently, this barium i s  present i n  t h e  form of baryta  microcrystals,  ir- 

regular ly  d i s t r ibu ted  within the  aggregates. 

Fig.13 Al-Mg-Si Alloy (MgaSi Phase); 300 x 

The o r i g i n  of these c rys t a l s  w i l l  be discussed i n  a general  inves t iga t ion  

of t h e  chemistry of t h e  pelagic  sediments of t h e  Pacif ic ,  by E.D.Goldberg and 

G.Arrhenius (Bibl.7). 

To check on t h e  app l i cab i l i t y  of our method t o  l i g h t  elements, we analyzed 

t h e  well-known M g s i  phase, present  i n  macrocrystals of polygonal cross  section, 

i n  a rough-cast and s l o d y  t . q e r e d  a l loy  Al-Mg-Si (Fig.13). 

The acce lera t ing  po ten t i a l  was set t o  9.7 kv, and the  i n t e n s i t y  of t h e  

beam was 0.2 vamp. 

was about 100. 

The contrast  of t he  l i n e s  against  t h e  continuous background 

The following results were obtained: 

Mean of experimental r e s u l t s  37% 
%reme values 35.8 t o  38.2% 
Theoretical  value 36 8% 
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Mean of experimental resu l t s  63 5% 

Theoretical value 630% 
Ektreme values 60.6 t o  66% 

The absorption correct ion f o r  the  S i b 1  l i n e ,  excited by electrons of 

9.7 kv, i s  @te extensive (exc i ta t ion  of t he  K l e v e l  of magnesium), namely, 55% 

in r e l a t i v e  value. 

'bean atomic number" of t h e  % S i  phase was p r a c t i c a l l y  i d e n t i c a l  with t h a t  of 

t he  specimen (pure aluminum) used f o r  constructing t h e  correct ion curve f o r  ab- 

sorption. 

We were able  t o  determine t h i s  with accuracy, s ince the  

The correction f o r  fluorescence of t h e  MgKq l i n e ,  excited by SiKcu, i s  

minor (1.8 i n  absolute value). 

2( Yellow), l(Violet), 3(0range), , 

6)  Cowlex S -d fc r s  of Im!r? and Comer 

A proport ional  ana lys i s  of l i g h t  elements i s  spec i f i ca l ly  of importance t o  

t h e  mineralogist ,  s ince these are the most widely d is t r ibu ted  elements i n  min- 

erals . 
A sulfur ized mineral of i r o n  and copper was analyzed. 

The metallographic s t ruc tu re  of t h e  specimen showed f i v e  pr inc ipa l  phases 

(Fig.l-4) : 
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a blu ish  v io l e t  p r inc ipa l  phase (No.1); 

a more o r  less dark yellow phase, i n  needles (N0.2); 

an orange phase, i n  coarse blocks of  low number and romded shape (No.3); 

a gray phase, of variegated color (Nook), located at t h e  contact point 

with the  yellow phase; 

a black phase (NO.~), i n  polygonal blocks with rounded angles. 

The purpose of t h e  analysis  was manifold: 

1) Check tests on the  composition of t h e  phases Nos.1 and 2, which had 

been iden t i f i ed  with borni te  (Cu5Fe& o r  3 CU~S, Fez& depending on 

the  authors) and n i t h  chalcopyrite ( CuFeSa) respectively,  by t h e  con- 

ventional methods of mineralogy. 

2) Heterogeneity of these  phases. 

3 )  Qualitative analysis  of the  three  o ther  phases, spec i f i ca l ly  f o r  de- 

tec t ing  Al, Si,  Ge, Sb. 

4) a a n t i t a t i v e  analysis  of these three  phases f o r  t h e i r  ident i f ica t ion .  

The results given i n  t h e  accompanying Table were obtained. 

It should be noted t h a t  these figures on t h e  su%iir eo?,te??t are ra ther  un- 

cer ta in ,  not so much because of a par t icu lar  

ment bu t  because of t he  f a c t  t h a t  d i f f i c u l t i e s  were encountered i n  preparing a 

con t ro l  specimen of su f f i c i en t  homogeneity, with an accurately known su l fu r  con- 

t en t .  

l o c a l  heating of t h e  sulfur, because of i t s  very low heat conductivity, i s  suf- 

f i c i e n t  t o  grea t ly  increase i t s  vapor tension and t o  lead t o  a rupture of t h e  

t h i n  meta l l ic  pro tec t ive  conducting layer. 

d i f f i c u l t y  i n  analyzing t h i s  ele- 

A control  of pure s u l f u r  i s  d i f f i c u l t  t o  use s ince t h e  probe-induced 

The v i o l e t  phase i s  readi ly  ident i f ied  with born i te  whose most of ten  c i t ed  

empirical  formulas are as follows: 
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c 

cu y* 

51 -66.2 

30.4-34.7 

36.2-44.6 

.. 
f Cu,I.'cS, ( W , 4  yo Cit - 1*1,1 ym re L. 25,s "/b 9) , 
1 3 CU$, FcS, (56.5 y' C~I) - 16.6 FC - ¶$,9 .% s) ' 

The yellow phase i s  chalcopyrite,  having the  formula 

Other El  mentsf'resent 
El entnts in  Low Gncentrotron Fc % 9 ?e - 

11.'-15.6 * 20.30 c AI, Si, Oe c t k 

49.7.35.4 - 40 - 
- 

I - - - 
11.4-I2 - 40 Sn 9-10 % 

with a somewhat higher su l fu r  content. 

I n  t h e  orange phase, the  presence of a high content of t i n  makes us bel ieve 

t h a t  a stanniferous born i te  i s  involved here. 

mineral has been described elsewhere under t h e  name '*orange bornite" (Bib1.8,9). 

The outer  appearance of this 

N 10 

- 

V i o l e t  (Ne 1) 

As 41 % 

ai-aox 

Sb # 0 

Ormge (N.3) 

Gray (Ne 6) 

The gray phase presents  zones of more o r  less dark coioratlon. Presm&Y!.~, 

we are here i n  the  presence of  a variant of tennant i te  where the CuzS content 

would be low and the  A s s s  content high. The general  formula (4 Cu2S, As2&) 

a c t u a l l y  i s  applicable t o  a s e r i e s  of -.arhnt.s where t h e  r a t i o  of t h e  individual  

cons t i tuents  is variable.  

The presence of 3 - 4% of i ron  is  not improbable. I n  ana ly t i ca l  t ab l e s  of 

these  phases, various authors gave values of 0.6% - 3% - 4% and even 5.5%, de- 

pending on the  specimens involved. 

The black phase could not be ident i f ied.  &ual i ta t ively,  w e  only found sil- 

icon as element with an atomic number higher than 11. Since we did not know 
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what o ther  very l i g h t  element o r  elements were present  i n  this p a r t i c u l a r  phase, 

we can only give an approximate estimate of t h e  s i l i c o n  content, s ince it i s  

impossible t o  accurately ca lcu la te  t h e  necessary absorption correction. O u r  

mineralogists bel ieve t h a t  quartz i s  de f in i t e ly  involved here. Lz,1 
I n  t h e  extremely complex deposit ,  from which t h i s  p a r t i c u l a r  specimen was 

taken, it must a p r i o r i  be expected tha t  various aberrant mineralogical species  

would be encountered; a de ta i led  invest igat ion on this item is i n  progress, i n  

col laborat ion with mineralogists of the  Office of Geological, Geophysical, and 

Mining Research (L&y). 
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